Background--Hypertension is a known risk factor for heart failure (HF), possibly via the mechanism of cardiac remodeling and left ventricular hypertrophy (LVH). We studied the extent to which blood pressure (BP) change and evolving LVH contribute to the effect that lisinopril, doxazosin, and amlodipine have on HF compared with chlorthalidone.
H ypertension (HTN) is a major risk factor for heart failure (HF). 1 HTN triggers cardiac remodeling and development of left ventricular hypertrophy (LVH), leading to subclinical organ damage, which evolves to clinically manifest HF and, ultimately, to death. 2 The beneficial effect of antihypertensive treatment on HF risk is well known 3 and reflected in the 2017 American College of Cardiology/ American Heart Association Guideline for the Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults. 4 HTN treatment is associated with an %20% to 25% reduction in risk of incident HF. 5 ALLHAT (the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial) 6 was a multicenter, randomized, double-blind, active-controlled trial designed to compare cardiovascular outcomes in high-risk antihypertensive patients assigned to the angiotensin-converting enzyme inhibitor lisinopril, the calcium channel blocker amlodipine, and the a-blocker doxazosin, in comparison to a thiazide-type diuretic (chlorthalidone). Incident HF was a prespecified ALLHAT outcome. The rationale for the ALLHAT hypothesis was based on the previous demonstrations that angiotensinconverting enzyme inhibitors and calcium channel blockers are more effective than diuretics in reducing left ventricular (LV) mass index measured by echocardiography. 7 Contrary to expectations, the ALLHAT showed that chlorthalidone was superior to amlodipine, lisinopril, and doxazosin in preventing HF. 8, 9 The subsequent ALLHAT HF validation study reinforced the original ALLHAT results. [10] [11] [12] Although ALLHAT answered questions about the comparative effectiveness of antihypertensive treatments for HF prevention, the mechanisms behind this HF prevention remain incompletely understood. The extent to which the effect of a calcium channel blocker, an angiotensin-converting enzyme inhibitor, and an a-blocker (as compared with a diuretic) on incident HF is mediated by evolving LVH and blood pressure (BP) lowering per se remains unknown. This study aimed to quantify the extent to which the effects of lisinopril, amlodipine, and doxazosin (as compared with chlorthalidone) on incident HF are mediated by evolving LVH and BP lowering. We hypothesized that evolving ECG LVH and BP lowering are mechanisms behind previously observed differences in the rate of incident HF in hypertensive ALLHAT participants randomized to lisinopril, amlodipine, and doxazosin in comparison to those randomized to chlorthalidone.
Methods
For this study we used the ALLHAT data set, publicly available from the National Heart, Lung, and Blood Institute, via the Biologic Specimen and Data Repository Information Coordinating Center. The study was reviewed by an Oregon Health and Science University Institutional Review Board, which determined that it did not require further review due to the deidentified nature of the publicly available data set.
Study Population
The ALLHAT design and rationale have been described previously. 6 Briefly, ALLHAT was conducted from 1994 to 2002 and enrolled adults age 55 and above with HTN and at least 1 risk factor (documented coronary heart disease [CHD], type 2 diabetes mellitus, LVH on ECG or echocardiogram, smoking, high-density lipoprotein <35 mg/dL, or ST-T ECG changes indicative of ischemia). Symptomatic HF patients or those with LV ejection fraction <35%, patients with recent myocardial infarction (MI), stroke, or poorly controlled HTN were excluded. In this study we included ALLHAT participants with available assessment of evolving LVH status and dynamic BP changes during in-trial follow-up. We excluded participants with missing covariates. The final study population included 29 892 participants: 11 008 were randomized to chlorthalidone, 5967 to doxazosin, 6593 to amlodipine, and 6324 to lisinopril ( Figure 1 ).
ECG Analysis: Evolving LVH During Follow-Up
ECGs were recorded at the study sites at baseline and biannually during follow-up. Minnesota coding 13 of serial ECG changes was performed in trial, from 1994 to 2002, at the Minnesota ECG-coding core center at the University of Minnesota in Minneapolis by reviewers who were blinded to treatment assignments. LVH was examined only in clinic (nonhospital) ECG recordings. The procedure for serial ECG coding has been previously described. 14 First, Minnesota prevalence codes were assigned to all ECGs. Minnesota codes 3-1 and 3-3 are high left R amplitude patterns (relevant to LVH) as measured on the next-to-last complete normal beat. Code 3-1 was coded if any of the following 3 criteria were present: (1) R amplitude >26 mm in either lead V5 or lead V6; (2) R amplitude >20 mm in any of leads I, II, III, or aVF; (3) R amplitude >12 mm in lead aVL. Code 3-3 was coded if 1 or both of the following 2 criteria were present: R-wave amplitude >15 mm but ≤20 mm in lead I; Rwave amplitude in V5 or V6 plus S or QS amplitude in V1 >35 mm. Then, any specific Minnesota prevalence code change between baseline ECG and follow-up was identified by a computer algorithm and used to select ECG pairs for direct serial comparison. Each Minnesota code change was evaluated for its importance by direct visual comparison of baseline and follow-up waveforms and was either confirmed or not
Clinical Perspective
What Is New?
• Patients with progressing and resolving left ventricular hypertrophy (LVH), as measured by serial ECGs, show an increase in heart failure risk compared with those with no evolving ECG LVH.
• There is a U-shaped association of blood pressure lowering and incident heart failure in which both greater increases and decreases in blood pressure over time are associated with an increased risk of heart failure.
What Are the Clinical Implications?
• Hypertension and LVH are some of the pathways that can lead to heart failure, but simply trying to reverse these maladaptive pathways does not substantially improve mortality or symptoms from heart failure.
• The protective effect of antihypertensive medications on heart failure is largely due to mechanisms outside of blood pressure lowering and evolving ECG LVH.
• Although improving hypertension control and reducing/ preventing LVH are clinically important, other aspects of cardiac health should be emphasized in order to lower risk of heart failure.
confirmed. Interobserver and intraobserver agreement was consistently high in the Minnesota coding center, as previously reported. 14 The Minnesota code allowed objective classification of evolving LVH over time by setting limits to the percentage of change in voltage that occurs in serial ECGs. 13 At the first step it was determined in which lead the most severe 3-code occurred. Code 3-1 was considered more severe than code 3-3. If both ECGs had the same 3-code, the follow-up record determined which lead to use to compare with the reference ECG. If the 3-code occurred in different leads, the following hierarchy was used to determine which lead to compare: V5/V6 (whichever R-amplitude is higher) >I>II>III>aVL. In addition, several ECG LVH definitions were included (Sokolow-Lyon, Cornell voltage, Cornell product, sum of 12 leads, 12-leads product) using previously described thresholds. 13 Evolving LVH was coded as either a significant progression/increase (including newly diagnosed ECG LVH) or a significant resolution/decrease (including complete resolution of ECG LVH). Absence of evolving ECG LVH was coded if the change in voltage was below the predefined threshold.
13
BP Changes During Course of the Trial BP was measured at every follow-up visit (every 3 months for the first year and every 4 months thereafter). At each visit BP was recorded as an average of 2 measurements. To calculate achieved BP lowering during the trial, we subtracted baseline BP from the BP obtained at the latest in-trial study visit available at year 1, 2, 3, 4, 5, or 6 from baseline, thus obtaining estimates of the "greatest" BP control. In addition, we conducted sensitivity analyses with 3 other definitions of BP lowering. By subtracting baseline BP from the BP obtained at the next in-trial study visit available, we obtained estimates of the "fastest" BP control. We also divided the greatest and fastest BP control estimates by the baseline BP, obtaining relative greatest and fastest BP lowering.
Primary Outcome: Incident Heart Failure Incident symptomatic congestive HF as defined by the ALLHAT investigators was a primary outcome in this study. Diagnosis of symptomatic congestive HF required the presence of both (1) paroxysmal nocturnal dyspnea or dyspnea at rest or New York Heart Association class III symptoms, or orthopnea and (2) rales or ankle edema (2+ or greater) or sinus tachycardia of 120 beats/min or more after 5 minutes at rest or cardiomegaly by chest x-ray or chest x-ray characteristic of congestive HF or S3 gallop or jugular venous distention. The incident HF outcome was validated by the ALLHAT HF validation study. 10 In the current study hospitalized/fatal HF was included as a secondary outcome. 
Covariates
Baseline BP was calculated as an average of 2 BP determinations taken at least 1 day apart, with each determination being an average of 2 measurements. Baseline ECG LVH was based on any ECG within the past 2 years. Baseline ECG LVH definition included any 1 of the following: (1) R amplitude in V5 or V6 >26 mm, (2) R amplitude in V5 or V6 plus S amplitude in V1 >35 mm, (3) R amplitude in aVL >12 mm, (4) R amplitude in lead I >15 mm, (5) R amplitude in leads II or III or aVF >20 mm, (6) R amplitude in lead I plus S amplitude in lead III >25 mm, (7) R amplitude in aVL plus S amplitude in V3 >28 mm for men or >22 mm for women, or (8) computerized ECG machinedocumented LVH.
Echocardiographic LVH was defined as combined wall (posterior wall plus interventricular septum) thickness ≥25 mm on any ECG in the past 2 years.
Baseline medical history was determined by the study investigators by a combination of chart review and questioning during a routine office visit. HTN history determined whether participants were treated for at least 2 months, were treated for <2 months, or were untreated. History of MI or stroke was at least 6 months old. History of revascularization included history of angioplasty, stenting, atherectomy, bypass surgery (coronary; peripheral vascular; carotid; vertebrobasilar), or aortic aneurysm repair. Presence of major ST-segment depression or T-wave elevation on any ECG in the past 2 years was identified. History of other atherosclerotic cardiovascular disease included documented peripheral artery disease or cerebrovascular disease. Baseline CHD history included known prior MI (including silent MI), angina, cardiac arrest, angiographically defined coronary stenosis more than 50%, reversible perfusion defects on cardiac scintigraphy, or prior coronary revascularization procedures. Type 2 diabetes mellitus was defined as fasting plasma glucose >140 mg/dL (7.77 mmol/L) or nonfasting plasma glucose >200 mg/dL (11.1 mmol/L) in the past 2 years and/or current treatment with insulin or oral hypoglycemic agents. History of highdensity lipoprotein cholesterol <35 mg/dL (0.91 mmol/L) on any 2 or more determinations within the past 5 years was included. History of smoking was also obtained.
Statistical Analyses
All continuous variables are presented as meansAESD. ANOVA and v 2 test were used for unadjusted comparison of clinical characteristics in participants with evolving ECG LVH. To determine the association of clinical characteristics with achieved in-trial BP changes, we used multivariable linear regression models, minimally adjusted for age, sex, and race/ ethnicity. Intention-to-treat randomization assignment was used for definition of antihypertensive treatment groups.
Minimally adjusted (by age, sex, and race/ethnicity) Cox regression models were used to describe associations of baseline clinical characteristics, evolving ECG LVH, and BP lowering with 2 different definitions of incident HF, for comparison. Associations between BP lowering (continuous variable) and HF risk were also evaluated using adjusted (as above) Cox regression models incorporating cubic splines with 4 knots.
We conducted causal mediation analysis, 15 allowing for treatment-mediator interaction in the logistic regression, using counterfactual definitions of direct and indirect effects, as implemented by Valeri and Vanderweele. 16 Two models were estimated: a linear model for the mediator conditional on treatment and covariates and a logistic model for the outcome conditional on treatment, the mediator, and covariates. Our study design was well suited for mediation analysis because randomization eliminated exposure-outcome and exposuremediator confounding. Two mediators were studied ( the past 5 years, and participation in the lipid-lowering ALLHAT trial. A natural direct effect represents the influence of antihypertensive treatment that is independent of evolving ECG LVH or BP lowering in the absence of evolving ECG LVH or BP changes (eg, via pleiotropic effects or drug-specific pharmacodynamics). A controlled direct effect represents the effect of antihypertensive drug at a certain level of mediator (at progressing/resolving ECG LVH with a reference at absent evolving ECG LVH, and at tertiles of BP changes), allowing measurement of interaction between treatment and a mediator. A mediated effect represents the influence of antihypertensive drug that can be explained by its influence on evolving ECG LVH or dynamic BP changes achieved over the course of the trial. To assess the extent of mediation, we estimated the proportion mediated as a ratio of DE9(MEÀ1)/(DE9MEÀ1), where DE is direct effect and ME is mediated effect.
Sensitivity Analyses
To test the robustness of our findings, we repeated analyses with different definitions of BP lowering, expressed as (1) fastest BP control, (2) relative greatest BP control, or (3) relative fastest BP control. Statistical analyses were performed using STATA MP 15.1 (StataCorp LLC, College Station, TX). Given the many multivariate and interaction analyses performed, statistical significance at the 0.05 level should be interpreted cautiously.
Results

Study Population
The study population (Table 1 ) was identical to the previously reported ALLHAT population, 8, 9 maintaining the treatment groups randomization ratio 1.7:1:1:1. After a median 3.1 years of follow-up in the doxazosin group, and 5.0 years in the other 3 groups, there were 2049 incident HF outcomes, including 1598 hospitalized/fatal HF outcomes.
Serial ECG Changes: Evolving ECG LVH
Overall, 58 366 serial ECG changes were evaluated. ECG LVH resolution was observed in about 2% of participants, and ECG LVH progression in another 2% ( Table 1 ). The majority of participants had no evolving ECG LVH changes. ALLHAT participants with evolving ECG LVH were more likely black males, current smokers, with lower BMI but less likely to have CHD/MI history. As expected, baseline ECG LVH was more frequent in participants with resolving ECG LVH. Baseline LVH by ECG was similar in all 3 groups and was very infrequent (4% to 5%). Participants with resolving LVH by ECG were more likely diabetic, less likely to have been treated for HTN before the onset of the trial, and achieved the greatest degree of BP lowering in the trial. Incident HF was significantly more frequent in participants with evolving ECG LVH ( Table 1) . Doxazosin and lisinopril intention to treat was more likely to be associated with progressing ECG LVH and less likely associated with ECG LVH reduction. In contrast, chlorthalidone and amlodipine intention to treat was more likely to be associated with ECG LVH reduction and less likely associated with ECG LVH progression ( Table 1) .
Dynamic Changes in Blood Pressure in Trial
The first (Q1), second (Q2), and third (Q3) tertiles of the greatest BP lowering were À32/À19AE10/6, À11/À7AE5/3, and +11/ 6AE12/7 mm Hg, respectively. Q1, Q2, and Q3 of the fastest BP lowering were À28/À16AE10/6, À7/À4AE5/3, and +14/ 8AE12/6 mm Hg, accordingly. Hispanic ethnicity, previously untreated HTN, higher baseline levels of SBP/DBP ( Figure 3 ) and baseline ECG LVH were associated with greater SBP and DBP lowering in trial (Table 2 ). In contrast, the presence of diabetes mellitus was associated with a SBP increase of nearly 2 mm Hg. Older age was associated with greater SBP lowering but slight DBP increase. A history of CHD/cardiovascular disease did not affect the degree of BP lowering in trial. Compared with chlorthalidone, doxazosin was associated with a significant SBP increase (by nearly 2 mm Hg), whereas amlodipine was associated with significant SBP and DBP decreases. Lisinopril was associated with greater DBP (but not SBP) lowering than chlorthalidone (Table 2) . Participants in the doxazosin arm who developed HF had the greatest degree of BP lowering (both SBP/DBP) in trial (%6/2 mm Hg lower than by diuretic), which contrasted with the overall weak BP-lowering effect of doxazosin in the trial (Table 2) .
Risk Factors for Heart Failure
As expected, age, ethnicity, history of HTN, CHD, and cardiovascular disease as well as ECG LVH were associated with increased risk of HF (Table 3 ). There were very small differences between risk factors of 2 incident HF outcomes: incident symptomatic HF and hospitalized/fatal HF. Evolving ECG LVH was associated with incident HF (Figure 4) , although progressing ECG LVH carried a larger risk, as compared with resolving ECG LVH. Evolving LVH was associated with incident HF in 3 out of 4 treatment groups (P interaction =0.056; Figure 5 ).
The association of in-trial BP changes with HF was nonlinear ( Figure 6 ). Both a large decrease and poor control of BP were associated with incident HF, but a large decrease in BP had a stronger effect than poor BP control on both primary and secondary outcomes (Table 3) . A similar association of SBP lowering with incident HF was observed in 3 out of 4 treatment groups (Figure 7 ). In the amlodipine treatment group, SBP change was not associated with incident HF (P interaction =0.039; Figure 6 ). A noticeable U-shaped association of DBP change with incident symptomatic HF was observed in the amlodipine and chlorthalidone treatment groups (Figure 7) , whereas poor DBP control in the lisinopril and doxazosin treatment groups was not associated with incident HF.
Mediation of HF Risk by Evolving LVH
In fully adjusted analyses, evolving LVH mediated 4% of the effect of doxazosin on HF (Table 4) . Both direct and mediated pathways contributed to the increased HF risk in the doxazosin arm. The effects of amlodipine and lisinopril on HF were entirely independent of evolving LVH.
Mediation of HF Risk by Dynamic BP Changes
After full adjustment for confounders, SBP lowering mediated 12% of the effect of doxazosin on HF (Table 4) . Of note, the direct and mediated effects of doxazosin on HF were in opposite directions: the direct effect of doxazosin increased HF risk, whereas the SBP-lowering-mediated effect reduced HF risk by 12%. There was significant (P<0.0001) interaction between doxazosin treatment and mediator: SBP-lowering in Q1 and Q2 was associated with increased risk of HF, whereas BMI indicates body mass index; CHD, coronary heart disease; CVD, cardiovascular disease; DBP, diastolic blood pressure; HDL, high-density lipoprotein; HF, heart failure; HTN, hypertension; Hx, history; ITT, intention-to-treat; LL, lipid-lowering; LVH, left ventricular hypertrophy; MI, myocardial infarction; SBP, systolic blood pressure; ST-T, major ST depression or T-wave inversion on ECG.
Q3 SBP change (mean increase 11 mm Hg) was protective. The effects of amlodipine and lisinopril on HF were entirely independent of SBP changes. DBP lowering mediated 10% of the effect of doxazosin, 7% of the effect of amlodipine, and 9% of the effect of lisinopril on HF. In fully adjusted analyses (Table 4) , mediation of the effect of lisinopril lost statistical significance. Both direct and mediated pathways had the same direction and contributed to the increased HF risk.
Sensitivity analyses with different definitions of BP lowering provided similar results ( Table 5 ). The fastest SBP-lowering mediated %13% of the effect of lisinopril on HF.
Discussion
The main finding of our study is that evolving ECG LVH and BP lowering explain up to 13% of the HF-preventive effect of the diuretic chlorthalidone as compared with the preventive effect of antihypertensive treatment with the a-blocker doxazosin, the angiotensin-converting enzyme inhibitor lisinopril, and the calcium channel blocker amlodipine. This finding highlights the notion of HF as a complex multifactorial condition and underscores the importance of the use of diuretics for HF prevention, which targets mechanisms that are largely independent of BP lowering and evolving ECG LVH.
Heart Failure Prevention in Hypertension
HTN is the major risk factor of HF, associated with 2-to 3-fold increased HF incidence in observational cohort studies. 18 However, in randomized controlled trials HTN treatment is associated with only 20% to 25% reduction in HF risk. 5 Our study provided consistent findings: BP lowering mediated only up to 13% of the effect of antihypertensive medications on incident HF. Such a disconnect between a risk factor and the effect of its modification is traditionally explained by poor BP control, irreversible damage of the heart over long-time risk exposure, insufficient awareness of HTN, and inadequate assessment of HTN by a single BP measurement. Our study findings suggest that in order to achieve the most effective HF prevention, BP lowering should not be the only criterion of HTN treatment effectiveness. Moreover, because different antihypertensive treatments have different mediators, different criteria of effectiveness (beyond BP control) should be developed for each class of antihypertensive drugs.
Diuretics for HF Prevention
Our study showed that the mechanisms by which the thiazide diuretic chlorthalidone prevented HF were not restricted to BP lowering and prevention of LVH. The mechanisms responsible for the favorable effect of chlorthalidone on HF prevention in r = − 0.572 Correlation between baseline BP and in−trial BP change people with HTN are unknown. In addition to BP lowering, chlorthalidone has pleiotropic effects including improving endothethial function and reducing inflammation and oxidative stress. 19 Better understanding of the mechanisms behind the effect of chlorthalidone on HF may lead to new drug formulations specifically targeting HF prevention in patients with HTN. 
Left Ventricular Hypertrophy and Heart Failure
Long-standing HTN and LVH can start a devastating cascade that leads to HF via myocyte growth, oxidative stress, and fibrosis. 20 Although antihypertensive drugs have been shown to reduce and even reverse LVH, this study showed that reduction in ECG LVH increased the risk of HF, as compared with patients who remained free from LVH. measure of the LV enlargement, as there are more than a dozen ECG LVH definitions with poor agreement among them. 22 Differences between LVH measured by ECG and LV mass measured by imaging modalities 22 reflect true differences between the cardiac anatomy and the electrophysiological substrate. ECG LVH characterizes an abnormal electrophysiological substrate, which is associated with sudden cardiac death and incident HF independent of LV mass and BP control. [23] [24] [25] Additional ECG measures of electrophysiological substrate should be considered as potential mediators of antihypertensive treatment effect on HF. For example, the sum absolute QRST integral was shown to be associated with HF hospitalization or death in the MADIT II (Multicenter Automatic Defibrillator Implantation Trial II) study. 26 Longitudinal changes in global electrical heterogeneity were associated with LV dysfunction. 27 Comprehensive description of electrophysiological substrate beyond evolving LVH (eg, using the sum absolute QRST integral and global electrical heterogeneity) may improve understanding of the mechanisms responsible for HF development in the setting of HTN.
Blood Pressure Lowering and Heart Failure
Our findings are largely consistent with previous ALLHAT results and conclusions. 28 Previous analysis of attributable risks due to BP lowering 29 concluded that the effect of amlodipine on incident HF was BP independent, whereas BP lowering only partially explained the effect of lisinopril on HF.
In our adjusted mediation analysis, the effect of both amlodipine and lisinopril on HF was entirely independent of SBP, whereas DBP lowering mediated 7% of the effect of amlodipine and 9% of the effect of lisinopril. Interestingly, we observed opposite directions of the direct effect of doxazosin (increased HF risk) and SBP-lowering-mediated effect of doxazosin (reduced HF risk by 12%). DBP lowering mediated 10% of the effect of doxazosin and had the same direction as the direct effect of doxazosin. Because doxazosin remains a viable HTN treatment option for men with benign prostatic hyperplasia, complex effects of BP lowering on incident HF should be taken into account for patients on doxazosin. Overall, the very modest effect of BP lowering on incident HF highlights the importance of additional (beyond BP control) biomarkers for the assessment of effectiveness of antihypertensive drugs for HF prevention.
Strengths and Limitations
ALLHAT is the largest randomized controlled trial of antihypertensive treatment, allowing unbiased mediation analysis and strengthening 2 major assumptions of mediation analysis. All treatment groups Randomization eliminated exposure-outcome and exposuremediator confounding. However, limitations of this study should be taken into account. Although we adjusted for known common causes of evolving ECG LVH, BP lowering, and incident HF, unmeasured confounding can affect the study estimates. ALLHAT enrolled high-risk HTN patients, and thus the results of this study may not be generalizable to lower-risk populations. In our study baseline BP displayed moderate ORIGINAL RESEARCH correlation with in-trial BP lowering (Figure 3 ), which at least partially explained the U-shaped association of BP-lowering with incident HF. We utilized modeling approaches that accounted for nonlinear associations, but it is possible that we underestimated the true effect of BP lowering on incident HF. 
